Adsorption of human serum albumin (HSA) from aqueous solution on to activated carbon fibres (ACF) with different degrees of activation in the range 0-70% has been studied at 293 ± 1K. The various parameters for the porous structure were calculated by different methods on the basis of the low-temperature adsorption isotherms of nitrogen measured at 77 ± 1 K. It was shown that an increase in the degree of ACF activation led to the development of a porous structure which exhibited increasing values of the micropore and mesopore volumes. Relationships between the structure, the physicochemical properties of the surface and the adsorption characteristics of ACF were established.
INTRODUCTION
The adsorption of proteins from solutions on to artificial surfaces is accompanied by interaction between the protein molecules and the various adsorption sites on the surface. As a result, the properties of both the adsorbent and the protein molecules are changed. Numerous research studies Kulik et al. 1991) have indicated that the contact of protein molecules with an artificial surface causes a greater or lesser change in their conformation at the surface. It is probable that the structural transformations effected in proteins in contact with carbon hemosorbents (which are biocompatible adsorbents for blood purification) result in the dissociation of the albumin complexes containing strongly bound hydrophobic ligands with the consequent effect of 'cleaning' the protein and increasing its transport function, two processes which as shown by Nikolaev et al. (1991) accompany the hemosorption procedure. This assumption accords well with the data available in the literature, although the question of the interaction of albumin with the surface of fibrous carbon materials remains unexplored.
EXPERIMENTAL
The adsorption kinetics of Human Serum Albumin (HSA, obtained from La Chema, France) from aqueous solutions [volume (V) = 6 ml; initial concentration (C 0 ) = 0.5 mg/ml] on to carbon fibrous † First presented at the 3rd Polish-Ukrainian Symposium on Theoretical and Experimental Studies of Interfacial Phenomena and their Technological Application, Lviv, Ukraine, 22-24 September 1998. materials (CFM, 20 mg of samples obtained from Chimvolokno, Svetlogorsk, Belarus) have been studied at neutral pH and 293 ± 1 K under continuous shaking conditions. The samples of CFM employed differed in their degrees of activation, f, which were equal to 0%, 30%, 50% and 70%, respectively, and led to differences in their porous structures and adsorption activities.
These various porous structures were examined via the low-temperature (77 ± 1 K) adsorption isotherms of nitrogen obtained using an ASAP-2000M instrument as supplied by the Micromeritics Instrument Corp., Norcross, GA, USA. The results thus obtained were analyzed using the Langmuir, BET, Dubinin-Astakhov, BJH and t-methods, respectively (Gregg and Sing 1982) .
The UV absorption spectra of the HSA solutions were measured using an SF-26 spectrophotometer (LOMO, USSR) after centrifugation for 5 min at 3000 rev/min. Values of the HSA adsorption (G) were calculated on the basis of the measured optical density, the results obtained being processed with the help of original spreadsheets. Statistical analyses were performed using a STATISTICA V5.0 program (StatSoft Inc.). Figure 1 depicts the low-temperature nitrogen adsorption isotherms obtained on samples of CFM with various degrees of activation. The parameters for the porous structures of the CFM samples, based on analyses of these isotherms, are depicted in Figure 2 and listed in Table 1 . They demonstrate that an increase in the degree of activation of CFM in the range 0-50% led to the consecutive development of a porous structure which incorporated an increasing contribution from supermicropores and mesopores. However, a further increase in the degree of activation to 70% led to a decrease in all of the various porosity characteristics investigated, although it should be noted that some of these decreases were only slight.
RESULTS AND DISCUSSION
Such changes in the basic porosity parameters have a distinct influence on both the quantitative and qualitative characteristics of adsorption processes from the gaseous phase (Gregg and Sing 1982) and from the liquid phase (Koganovskiy et al. 1990 ). It has been shown earlier (Portnoy et Exponents in Dubinin-Astakhov equation used in the calculation of the porous structure parameters described. al. 1984) that an increase in the degree of activation of carbon fibres increased their adsorption capacity towards organic biologically active substances such as amino acids, enzymes, proteins and other biopolymers. However, it should be noted that in the latter investigation the main attention was focused on the total adsorption capacities of the fibres studied and that the kinetic features of the process were not investigated. The experimental approach adopted in the present work was the study of the initial kinetics of HSA adsorption on to CFM. Figure 3 depicts the variation with time of the extent of adsorption of HSA from aqueous solutions by the variously activated samples of CFM employed. All the curves depicted exhibit a sine wave character, while for the non-activated fibres (f = 0%) and the adsorbent with a degree of activation of 30% the phenomenon of 'negative adsorption' was observed which is characterized by adsorption values G < 0. However, at higher degrees of activation (50% and 70%), all the adsorption values measured were positive throughout the time span studied, although their sine wave characteristics were still retained.
In order to explain the above result, it is suggested that the kinetic curves obtained represent the product of two processes which occur simultaneously on contact of a protein solution with a carbon fibre surface. The first of these processes is adsorption/desorption of the protein which leads to the sine wave nature of the measured optical density of the solution. The second process involves a change in the conformation of the protein molecules which leads to a hyperchromous shift in the UV spectrum of the protein solution with an apparent increase in absorption which is proportional to the protein concentration. The latter effect may be demonstrated by measurement of the UV spectrum of the protein solution initially placed in contact with non-activated carbon fibres when the molar extinction coefficient, e, increased to a value of 0.566 × 10 5 in comparison with a value of 0.497 × 10 5 observed for the initial, uncontacted, solution. This assumption accords well with the views expressed by other workers regarding the superficial phenomena in protein systems and the behaviour of proteins at a polar/non-polar interface (Izmaylova and Rebinder 1974; Izmaylova et al. 1988 ).
For unactivated carbon fibres which possess little in the way of a porous structure capable of demonstrating adsorption characteristics and only adsorb proteins in insignificant quantities on their geometrical exteriors, the effect of the hyperchromous shift far outweighs those arising from adsorption and this leads to an apparent increase of the protein concentration in solution. However, for highly activated porous fibres (f 50%), the effects of adsorption prevail and the phenomenon of 'negative adsorption' is therefore absent from the corresponding kinetic adsorption data. However, the sine wave character of the plots is still apparent.
Statistical analyses using the method of pair correlation of the CFM porous structure parameters and the extent of HSA adsorption at various time intervals showed that the quantity of protein adsorbed at 10 s depended significantly on the total surface area, S, and the micropore surface area, S mi , with a correlation factor r of 0.80-0.86 being observed between these data sets. At the same time point, the weakest dependence with the extent of HSA adsorption was observed with V mi , V me (r = 0.45) and V s (r = 0.19). However, at times equal to 20 s and up to 1 h, HSA adsorption was independent of S and S mi (r = 0-0.2) and virtually independent of S me (r = 0.54-0.62). The correlation factors between adsorption and V mi , V me were virtually the same as those observed at 10 s (r = 0.40-0.48) although there was a significant increase in the r value for V s (r = 0.81-0.88). Finally, for a time of 2 h, a reasonable dependence between G and V mi and V me was observed (r = 0.70) but a continuing weak dependence on the other porous structure parameters (r = 0.22-0.35). In summary, therefore, the dependence of G on the total adsorption pore volume, V s , was observed at all the time intervals studied other than 2 h.
According to the results obtained in an investigation of the adsorption of HSA on quartz (Kulik et al. 1991) , the similarity between the adsorption kinetics in the initial stages of the adsorption process may be explained both in terms of the energetic heterogeneity of the adsorption centres and of the conformational transformations of the protein molecules when they interact with the surface. A similar explanation may be advanced in the present study. Thus, on HSA adsorption from aqueous solution at 293 ± 1 K on to fibrous carbon materials with different degrees of activation, the corresponding isotherms are characterized by a sine wave shape with negative adsorption occurring at various time intervals depending on the adsorption activity of the CFM. The UV spectra of HSA during these time intervals demonstrate the development of a hyperchromous shift relative to the UV spectrum of the original HSA solution. An analysis of such data and a comparison with earlier work (Shulepov et al. 1992; Eretskaya et al. 1994) indicates the possibility of conformational transformations occurring in the HSA molecules which change their adsorption behaviour on CFM, the overall process being influenced by the structure and properties of the carbon fibres employed.
NOMENCLATURE
A adsorption of nitrogen (cm 3 /g STP) C 0 initial concentration of HSA in solution (mg/g) C t concentration of HSA in solution at a time t (mg/g) n exponent in Dubinin-Astakhov equation P/P s relative pressure S total surface area (m 2 /g) S BET BET surface area (m 2 /g) S L Langmuir surface area (m 2 /g) S mi surface area of micropores (m 2 /g) S mi (t-pl) surface area of micropores as obtained from the t-plot method (m 2 /g) S mi (D-A) surface area of micropores as obtained from the Dubinin-Astakhov method (m 2 /g) S me surface area of mesopores (m 2 /g) S me (BJH) surface area of mesopores as obtained from the BJH method (m 2 /g) S p surface area at P/P s (m 2 /g) T temperature (K) t time (s) V volume (cm 3 /g) V s total adsorption volume (cm 3 /g) V mi volume of micropores (cm 3 /g) V mi (t-pl) volume of micropores as obtained from the t-plot method (cm 3 /g) V mi (D-A) volume of micropores as obtained from the Dubinin-Astakhov method (cm 3 /g) V me volume of mesopores (cm 3 /g) V me (BJH) volume of mesopores as obtained from the BJH method (cm 3 /g) W pore width (Å)
Greek letters G adsorption of HSA from solution (mg/g) e molar extinction coefficient f degree of activation (%) l wavelength (nm) r correlation coefficient
